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Abstract 

Pathophysiological mechanisms for hepatocellular injury, fibrosis and/or cirrhosis in hepatic iron overload are 
poorly understood. An increase in intracellular transit pool of iron can catalyze peroxidation of lipids to produce 
reactive aldehydes such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE). Covalent binding of such lipid 
aldehydes with proteins may cause impairment in cellular function and integrity. This investigation was* focused on 
quantitative determination of MDA and HNE-protein adducts, and to establish a correlation between iron deposition 
and formation and localization of MDA and HNE-protein adducts, using inmiunohistochemistry. To achieve iron 
overload, male SD rats were fed a 2.5% carbonyl iron-supplemented diet for six weeks, while control animals received 
standard diet. Total iron as well as low molecular weight chelatable iron (LMWC-Fe) in the hepatic tissue of rats fed 
the iron supplemented diet increased significantly (~14- and ~ 15-fold, respectively). Quantitative ELISA for 
MDA-ahd HNE-protein adducts showed remarkable increases of 186 and 149%, respectively, in the liver ho¬ 
mogenates of rats fed the iron-supplemented diet. Sections of liver stained for iron showed striking iron deposits in 
periportal (zone 1) hepatocytes, which was less dramatic in midzonal (zone 2) cells. Livers from iron-loaded rats 
showed strong, diffuse staining for both MDA and HNE adducts, which was highly pronounced in centrilobular 
(zone 3) hepatocytes, but was also evident in midzonal cells (zone 2). The demonstration of greater formation of both 
MDA and HNE-protein adducts provides evidence of iron-catalyzed lipid peroxidation in vivo. Although in this 
model of iron overload there was no evidence of tissue injury, our results provide an account of some of the initiating 
factors or early molecular events in hepatocellular damage that may lead to the pathological manifestations seen in 
chronic iron overload. © 2002 Elsevier Science Ireland Ltd. All rights reserved. 
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1. Introduction 

The liver is one of the major sites of iron 
deposition in iron overload conditions, and mas¬ 
sive deposition of iron within hepatocytes can 
result in hepatocellular injury leading to hepatic 
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fibrosis and/or cirrhosis (Galleano and Puntarulo, 
1992; Britton et al. } 1994; Pigeon et al., 1999). 
However, the pathophysiological mechanisms for 
the hepatocellular injury leading to the develop¬ 
ment of fibrosis and/or cirrhosis in hepatic iron 
overload are not well understood although a di¬ 
rect correlation between hepatic iron and hepatic 
fibrosis has been demonstrated (Isaacson et al., 
1961; Risdon et al., 1975). Iron is normally stored 
in specific proteins (transferrin, ferritin, lactoferrin 
and haem proteins). However, under various 
pathological conditions associated with iron over¬ 
load, it has been postulated that there is an in¬ 
crease in intracellular transit pool of iron 
(Thomas et al., 1985; Britton et al., 1990). In fact, 
within the cells a cytosolic pool of low molecular 
weight chelatable iron (LMWC-Fe) or so-called 
free iron exists which appears to be catalytically 
active in initiating free radical reactions (Halliwell 
and Gutteridge, 1986; Ceccarelli et ah, 1995). Iron 
accumulation in the liver has been shown to be 
causally related to increased lipid peroxidation 
(Hultcrantz et al., 1984; Whittaker et al., 1996), 
which has been proposed as an initial step by 
which excess iron causes cellular injury (Powell et 
ah, 1980; Bonkovsky et al., 1981). Iron-catalyzed 
peroxidation of lipids produces reactive aldehydes 
such as malondialdehyde (MDA) and 4-hydrox- 
ynonenal (HNE). Covalent binding of such lipid 
aldehydes with proteins and the resulting adducts 
may cause impairment of cellular function and 
integrity and could be a potential mechanism in 
iron-induced liver damage, and is the focus of this 
study. Using rats as an in vivo model of iron 
overload, this study presents: (a) quantitative as¬ 
sessment of MDA and HNE-protein adducts us¬ 
ing enzyme-linked immunosorbent assay 
(ELISA), and (b) localization patterns of MDA 
and HNE-protein adducts in liver using 
immunohistochemistry. 


2. Materials and methods 

2.1. Animals and diets 

Male Sprague-Dawley rats ( ~200 g), obtained 
from Harlan Sprague-Dawley (Indianapolis, IN), 


were housed in wire-bottom cages over absorbent 
paper with free access to tap water and Purina rat 
chow. The animals were acclimatized in the con- 
trolled-environment animal room (temperature, 
22 °C; relative humidity, 50%; photoperiod, 12-h 
light: 12-h dark cycle) for 7 days. 

The animals were divided into two groups of 
five rats each and were either fed normal diet or a 
2.5% carbonyl iron-supplemented diet (Dyets, Inc, 
Bethlehem, PA) for 6 weeks [the iron dose and 
treatment regimen was based on studies of Cecca¬ 
relli et al. (1995) who reported most dramatic 
increases in free iron content at about 6 weeks]. 
The rats were euthanized under ether anesthesia. 
All major organs were removed immediately, 
blotted, weighed and stored at — 80 °C until 
further analysis. 

2.2. Total iron and low molecular weight 
chelatable iron in the liver 

Total iron in the livers was analyzed by atomic 
absorption spectrophotometry as described by Al- 
cock (1987). Analysis of low molecular weight 
chelatable iron (LMWCFe, free iron) was done as 
described by Reif et al. (1988) with slight modifi¬ 
cations (Khan et ah, 1999a). Briefly, liver ho¬ 
mogenates (2.5%) were prepared in distilled water 
containing 1 mM ethylenediamine tetra acetic 
acid (EDTA). EDTA was added to facilitate the 
separation of the LMWC-Fe pool. The ho¬ 
mogenates were then centrifuged at 20 000 x g for 
15 min at 4 °C, and the supernatants were filtered 
on Micron-30 (molecular weight cut off 30 000; 
Amicon, Inc) at 14 000 x g for 20 min at 4 °C. 
Aliquots were analyzed for iron by Zeeman 
graphite furnace analysis using an iron hollow- 
cathode lamp. Protein in the filtrate was deter¬ 
mined according to Lowry et ah (1951). 

2.3. Preparation of MDA-and HNE-protein 
adducts and production of polyclonal antibodies 

MDA adducts of ovalbumin was prepared es¬ 
sentially as described earlier (Lung et ah, 1990; 
Khan et ah, 1997), whereas HNE adducts of 
ovalbumin was prepared according to Uchida et 
ah (1993) by reacting 5 mg/ml of ovalbumin with 
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8.7 mM HNE (Cayman Chemical Co, Ann Ar¬ 
bor, MI) at 37 °C for 4 h. Free amino groups that 
did not react with MDA or HNE were deter¬ 
mined by 2,4,6-trinitrobenzene-l-sulfonic acid as¬ 
say (Habeeb, 1966). Our results showed that 
treatment of 5 mg/ml of ovalbumin with 50 mM 
MDA or 8.7 mM HNE modified about 86 and 
60% amino groups, respectively. These prepara¬ 
tions were used for generation of polyclonal anti¬ 
bodies. Polyclonal antibodies to MDA-and 
HNE-ovalbumin were raised in white New 
Zealand rabbits [Alpha Diagnostics International, 
San Antonio, TX (Khan et al., 1997)]. These 
antibodies were highly specific for their respective 
protein adducts, and did not crossreact with 
protein adducts of formaldehyde, acetaldehyde, 
glutaraldehyde or aci-olein as assessed by ELISA. 

2.4. Quantitation of MDA-and HNE-protein 
adducts 

A quantitative competitive ELISA for MDA-or 
HNE-protein adducts in the liver homogenates 
(20%, w/v) of control and iron-treated rats was 
established. Briefly, flat bottomed 96-well micro¬ 
titer plates were coated with MDA- or HNE-oval¬ 
bumin adducts or ovalbumin (0.5 pg per well) 
overnight at 4 °C. Rabbit antisera (1:1500 diluted 
anti-MDA or 1:3000 diluted anti-HNE) were in¬ 
cubated with test samples (standards or unknown) 
at 4 °C overnight, and then a 50 pi aliquot of 
each incubation mixture was added to duplicate 
wells of the coated plates and incubated for 2 h at 
37 °C. After washing, 50 pi of goat anti-rabbit 
IgG-HRP (1:5000 dilution) was added and incu¬ 
bated for 1 h at 37 °C. After washing, 100 pi 
substrate (tetramethylbenzidine/H202)was added 
to each well. The reaction was stopped after 10 
min by adding 100 pi 0.5 M H2S04 and the 
absorbance was measured at 450 run on a mi¬ 
croplate reader. 

2.5. Immunohistochemical staining for MDA-and 
HNE-protein adducts 

For imm unohistoche mi cal localization of MDA 
and HNE adducts, MDA-and HNE-KLH conju¬ 
gates were prepared as described above, and poly¬ 


clonal antibodies to these conjugates were raised 
in rabbits (Alpha Diagnostics International). An¬ 
tibodies against KLH conjugates of MDA and 
HNE had higher titers and greater specificity for 
the respective aldehydes. 

Immunohistochemical staining procedure was 
extensively standardized for these adducts for 
their localization in iron-treated livers. Briefly, 4 
pm tissue sections were deparafinized in an oven 
at 55 °C for 1 h and passed through xylene and 
various concentrations of ethanol, and finally re¬ 
hydrated with water. The slides were incubated 
with unmasking buffer (Vector, Burlingame, CA) 
at 95 °C for 20 min for antigen retrieval and then 
subsequently incubated with different reagents for 
blocking the nonspecific binding sites, which in¬ 
cluded peroxidase inhibitor (Pierce, Rockford, IL) 
for 15 min, levamisole (alkaline phosphatase in¬ 
hibitor; 0.2%) for 10 min, 0.5% periodic acid for 5 
min, avidin and biotin block solutions (Vector) 
for 10 min each, and normal serum (Signet, Ded¬ 
ham, MA) for 5 min. The sections were then 
incubated with rabbit anti-MDA serum or rabbit 
anti-HNE serum [1:500 dilution in antibody dilu¬ 
ent buffer (Dako, Carpinteria, CA)] for 1 h and 
then anti-rabbit IgG-biotin [1:1200 (Sigma Chemi¬ 
cal Co, St. Louise, MO)] for 20 min at room 
temperature. The slides were thoroughly washed 
after each incubation. The Signet ultra strep- 
tavidin alkaline phosphatase labeling reagent was 
then added to the tissue sections and incubated 
for 20 min at room temperature. Finally, Fast 
Red (Biopathology, Inc, Okalahoma City, OK) 
staining was performed according to the compa¬ 
ny’s manual. To check the specificity of the stain¬ 
ing, set of additional sections were also stained 
with preimmune serum (1:500 dilution) or anti¬ 
serum pre-absorbed with MDA- or HNE-ovalbu- 
min. All sections were finally counterstained with 
hematoxylin (Gill’s formulation, Vector) and 
mounted for examination under light microscopy. 

2.6. Histology 

A portion of liver from control and treated rats 
was fixed in 10% neutral-buffered formalin for 
histological processing. Paraffin sections were cut 
and stained with hematoxylin and eosin (H&E), 
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Perl’s Prussian blue (iron stain) and Masson’s 
trichrome (for collagen) for morphological evalu¬ 
ation (IChan et al., 1997, 1999b). 

2.7. Statistical analysis 

All data are expressed as mean + S.D. Signifi¬ 
cance of differences was assessed by the Student’s 
t-test. A P value of < 0.05 was considered to be 
statistically significant. 


3. Results 

3.1. Total iron and LMWC-Fe in the livers 

Total iron content in the livers of iron-loaded 
rats increased substantially, which was ~ 14-fold 
(1275%) higher than the controls (Fig. 1). Simi¬ 
larly, LMWC-Fe also increased dramatically with 
an increase of ~ 15-fold (1396%) over the con¬ 
trols (Fig. 2). 

3.2. MDA-and HNE-protein adducts 

Polyclonal antibodies against MDA and HNE 
adducts, used to establish ELISA for the quanti¬ 
tative assessment of these adducts, were specific 
for these adducts and did not cross react with 
protein adducts of acrolein, acetaldehyde or form- 
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Fig. 2. LMWC-Fe (free iron) in livers of control and iron- 
treated rats. Values are mean + S.D. of five animals. *P < 0.05 
as compared with the controls. 

aldehyde. MDA protein adducts, as quantitated 
by ELISA, in the liver homogenates of iron 
loaded rats showed a highly significant increase of 
186% in comparison with the controls (Fig. 3). 
S imil arly, the formation of HNE-protein adducts 
was also significantly greater (149%) in the livers 
of iron loaded rats (Fig. 4). 

3.3. Liver morphology 

Liver histology was examined after 6 weeks of 
iron overload. The sections of liver stained with 
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Fig. 1. Total iron content in the livers of control and iron- 
treated rats. Values are mean 4 S.D. of five animals. *P < 0.05 
as compared with the controls. 


Fig. 3. MDA-protein adducts in the livers of control and 
iron-treated rats. Values are mean ± S.D. of five animals. 
*P < 0.05 as compared with the controls. 
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Fig. 4. HNE-protein adducts in livers of control and iron- 
treated rats. Values are mean ± S.D. of five animals. *P < 0.05 
as compared with the controls. 


hematoxylin and eosin did not show any evi¬ 
dence of cell injury or a change in the liver 
architecture. Evaluation of sections stained with 
Masson’s trichrome showed no increase in extra¬ 
cellular matrix production or fibrosis. Evalua¬ 
tion of sections stained with Perl’s Prussian blue 
showed striking iron deposits in hepatocytes, si¬ 
nusoids and occasionally in Kupffer cells in the 
livers of iron-loaded rats. Periportal hepatocytes 
(Zone 1), however, showed maximum deposition 
of iron in iron-loaded rats (Fig. 5). Control rats 
showed scanty, minimal iron deposition in ran¬ 
dom hepatocytes. 

3.4. Immunohistochemical localization of 
MDA-and HNE-protein adducts 

Sections of liver were immunohistochemically 
stained for MDA- and HNE-adducts using poly¬ 
clonal MDA- and HNE-specific antibodies (see 
Section 2). Alkaline phosphatase-Fast Red (red 
color) demonstration of bound primary antibod¬ 
ies provided a sharper and increased contrast 
compared with horseradish peroxidase-di- 
aminobenzidine (HRP-DAB; brown color) 
methodology. This method allowed for differen¬ 
tiating the changes in the iron-treated rats, 
which had extensive brownish deposits of iron, 
and thus represented a more effective method of 


localizing protein adducts in iron-loaded tissues. 
Control livers showed a moderate red staining 
(Fig. 6 B), primarily localized within a few cells 
immediately adjacent to central vein. Livers 
from iron-loaded rats showed much stronger, 
diffuse staining for both MDA and HNE-ad- 
ducts (Fig. 6A; only HNE staining shown), 
which was highly pronounced in centrilobular 
hepatocytes (zone 3). Staining for these adducts 
was less dramatic in the midzonal hepatocytes 
and sparse in the periportal hepatocytes. No 
staining was evident in liver sections incubated 
with pre-immune serum or antiserum pre-ab- 
sorbed with MDA- or HNE-ovalbumin. 


4. Discussion 

Excess iron deposited chronically is associated 
with hepatic injury, fibrosis and ultimately cir¬ 
rhosis (Powell et ah, 1980; Britton et al., 1994). 
Despite clinical evidence for the toxicity of ex¬ 
cess iron, the specific cytopathological mecha¬ 
nisms of hepatocellular injury due to iron 
overload have not been fully explored and re¬ 
main inconclusive (Galleano and Puntarulo, 
1992). These studies were focused on establish¬ 
ing a quantitative assessment of the formation 
of adducts of lipid peroxidation products such 
as MDA and HNE, and a correlation between 
iron deposition and formation and localization 
of MDA and HNE-protein adducts. Iron over¬ 
load in our studies was achieved by supplement¬ 
ing the diet with 2.5% carbonyl iron. The 
6-week regimen for iron treatment was based on 
studies of Ceccarelli et al. (1995) who reported 
peak values for both total and LMWC-Fe 
around 40 days. Our data also showed remark¬ 
able increases in total iron and LMWC-Fe, and 
are in agreement with earlier findings (Ceccarelli 
et al., 1995). 

Accumulation of iron, especially free iron, 
plays an essential role in the development of 
fulminent hepatitis, hepatic fibrosis and subse¬ 
quent carcinogenesis in rats (Kato et al., 1996). 
Increases in hepatic LMWC-Fe are indeed asso¬ 
ciated with pro-oxidant action (Ceccarelli et ah, 
1995), presumably due to greater generation of 
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Fig. 5. Iron-deposition, in liver. Light micrograph of liver from an iron-treated rat (A) shows marked iron deposition in the 
hepatocytes of the periportal region (p); central areas (c) show no iron. Higher power view of portal area (fl) shows heavy iron 
deposition within hepatocytes. Note characteristic appearance of bile duct (d) within portal area. Perl’s Prussian blue stain; A: x 50; 
B; x 220. 

Fig. 6. Immnnohistochemical detection of iron-induced formation of MDA-and HNE-protein adducts in liver. A central vein is 
present in the center of each photomicrograph ( x 200). Livers from iron-treated rats show strong staining for HNE-protein adducts 
(shown here) as well as similar staining for MDA-protein adducts (not shown). Zone 3 hepatocytes stain most intensely with staining 
extending to zone 2, whereas zone 1 hepatocytes are unstained. Control liver (B) shows focal, mild staining for HNE-protein adducts 
localized within a few cells adjacent to central vein. 


PM3006739440 


Source: https://www.industrydocuments.ucsf.edu/docs/trnx0001 








199 


M.F, Khan et at. / Toxicology 173 (2002) 193-201 


Chelation of hepatic iron by desferrioxamine has 
been shown to reduce liver injury caused by 
lipid peroxidation, leading to reduction of pre¬ 
neoplastic lesions (Sakaida et ah, 1999). 

The process of lipid peroxidation generates 
numerous cytotoxic degradation products such 
as MDA and HNE (Esterbauer et al., 1991), 
which can form covalent adducts with proteins, 
phospholipids and DNA (Sodum and Chung, 
1988; Houglum et al., 1990; Toyokuni et ah, 
1995; Guichardant et al., 1998). Our ELISA 
data showed significant increases both in MDA 
as well as HNE-protein adducts in the liver as a 
result of iron overload and reflect increased oxi¬ 
dative modification of tissue proteins in vivo. 
The increased formation of these adducts also 
suggests that significant proportion of these toxi¬ 
cants escape detoxification in vivo to fonn ad¬ 
ducts with tissue macromolecules, which may 
lead to tissue damage. 

Iron-specific staining in our studies showed 
greater presence of iron in hepatocytes of the 
periportal area (zone 1) and to lesser extent in 
zone 2. In contrast to iron, however, both 
MDA and HNE-protein adducts showed greater 
immunostainxng in zone 3, with some staining in 
cells of zone 2. Variable hepatic localization pat¬ 
terns (zone 1, 2 or 3) for these adducts have 
been reported as a result of exposure to a num¬ 
ber of toxicants (Houglum et al., 1990; Ohhira 
et al., 1998; Hartley et al., 1999) and it would 
appear that the nature of the toxicant and the 
duration of exposure could contribute to their 
diversified localization. Also liver iron demon¬ 
strated by Peris’ Prussian blue reaction is 
protein-bound iron, such as hemosiderin and 
ferritin (Ohhira et al., 1998). Therefore, this 
bound iron may be inactive to generate free rad¬ 
icals, and it would appear that release of free, 
reactive iron is essential for the formation of 
tissue-damaging free radicals. It is evident from 
our studies that increases in free iron (LMWC- 
Fe) is clearly associated with enhanced produc¬ 
tion of aldehyde adducts as a result of enhanced 
iron-catalyzed lipid peroxidation. The greater 
formation of these adducts along with reports of 
the presence of both MDA and HNE adducts in 
liver biopsies from patients with genetic 


hemochromatosis and hepatitis C (Niemela et 
al., 1995; Paradis et ah, 1997) are of vital sig¬ 
nificance since formation of these adducts may 
cause impairment in cellular function and in¬ 
tegrity and present a potential mechanism in 
iron-induced hepatic injury. The subcellular lo¬ 
calization of these adducts and the identification 
of modified protein(s) would shed further light 
on their possible role in tissue injury. For exam¬ 
ple, adduction of HNE with cytochrome C ox¬ 
idase in rat liver mitochondria is indeed 
accompanied by loss of enzyme activity (Chen et 
al., 1998), and has been proposed as one of the 
mechanisms of mitochondrial damage caused by 
oxidative stress. Iron overload in our rat model 
(only 6-week treatment) did not result in any 
overt hepatic cell damage or noticeable change 
in the extracellular matrix production, which is 
in agreement with Hultcrantz et al. (1984) and 
could be attributed to the short duration of iron 
treatment. Chronic studies, however, suggest a 
significant correlation between iron accumula¬ 
tion and collagen synthesis, stimulated by iron- 
induced lipid peroxidation (Poli and Parola, 
1996). 

In conclusion, using this rat model of experi¬ 
mental iron overload, we have demonstrated a 
positive correlation between free iron and for¬ 
mation of MDA and HNE adducts. The forma¬ 
tion of these adducts not only provides an 
evidence of iron catalyzed lipid peroxidation in 
vivo, but also provides an account of some of 
the initiating factors or early molecular events in 
hepatocellular damage that may lead to the 
pathological manifestations observed in chronic 
overload conditions. 
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